Fatty acyl-CoA synthetase, the first enzyme of the β-oxidation pathway, has been proposed to be involved in long chain fatty acid translocation across the plasma membrane of prokaryotic and eukaryotic cells. To test this proposal we used an in vitro system consisting of Escherichia coli inner (plasma) membrane vesicles containing differing amounts of trapped fatty acyl-CoA synthetase and its substrates CoA and ATP. This system allowed us to investigate the involvement of fatty acyl-CoA synthetase independently of other proteins that are involved in fatty acid translocation across the outer membrane and in downstream steps in β-oxidation, since these proteins are not retained in the inner membrane vesicles. Fatty acid uptake in vesicles containing fatty acyl-CoA synthetase was dependent on the amount of exogenous ATP and CoASH trapped by freeze-thawing. The uptake of fatty acid in the presence of non-limiting amounts of ATP and CoASH was dependent on the amount of endogenous fatty acyl-CoA synthetase either retained within vesicles during isolation, or trapped within vesicles after isolation by freeze-thawing.
INTRODUCTION
Translocation of fatty acids across the plasma membrane of cells is a critical first step leading to their utilization in energy storage, lipid biosynthesis and energy production as well as in transcriptional control, signal transduction and regulation of protein function. Long chain fatty acid uptake and utilization by Escherichia coli is induced by growth of the bacterium on long chain fatty acids (1) (2) (3) (4) (5) (6) . Similarly, mammalian cell lines such as 3T3-L1 preadipocytes, which differentiate into adipocytes in culture, exhibit differentiation-dependent increased long chain fatty acid uptake and utilization (7) (8) (9) . These properties have been exploited to identify much of the machinery required for long chain fatty acid uptake in both bacteria and mammalian cells.
Mammalian plasma membrane proteins that have been implicated in long chain fatty acid uptake include CD36/Fatty acid transporter (FAT) (9) , the fatty acid transport protein (FATP) (10) , the plasma membrane fatty acid binding protein (FABPpm) (8) and caveolin-1 (7, 11) .
Homologues of the mammalian FATP genes have also been identified in Saccharomyces cerevisiae and appear to play an important role in fatty acid uptake and growth of long chain fatty acids (12) . In addition to protein-mediated pathways, long chain fatty acids appear to be able to cross the plasma membrane and model membranes by diffusion (reviewed in (13) ). The relative importance of protein mediated vs diffusion mediated trans-bilayer movement of long chain fatty acids remains controversial (13) .
Detailed genetic analyses in E. coli have led to the identification of the fatty acid degradative (fad) regulon, which encodes genes required for long chain fatty acid uptake and utilization. These include fadR, which encodes a transcription factor regulated by fatty acyl-CoA (14, 15) , fadL, which encodes an outer membrane protein responsible for movement of long chain fatty acids across the bacterial outer membrane (4, 5, (16) (17) (18) (19) (20) and fadD, which encodes a long chain fatty acyl-CoA synthetase (FACS), required for the conversion of long chain fatty acids to their CoA thioesters, the first committed step in fatty acid metabolism (1) (2) (3) 21) . The FadD protein is a 61 kDa protein that appears to be peripherally associated with the bacterial inner membrane (the equivalent of the mammalian plasma membrane). Surprisingly no integral membrane protein required for long chain fatty acid uptake has been identified in the E. coli inner (plasma) membrane using genetic and biochemical approaches (19, 22, 23) .
A variety of eukaryotic long chain FACSs have been identified in both yeast (S. cerevisiae)
and mammalian cells/tissues (24) (25) (26) (27) . In 3T3-L1 preadipocytes, long chain FACS is induced upon differentiation along with long chain fatty acid uptake activity, and has been found associated with a variety of organellar membranes including the plasma membrane (28) . Elimination of long chain FACS in E. coli and in S. cerevisiae impairs long chain fatty acid uptake and the ability to grow on long chain fatty acids (1-3, 24, 29) . Overexpression of long chain FACS in mammalian cells/tissues leads to increased long chain fatty acid uptake and triglyceride accumulation (10, 28, 30) .
Furthermore, yeast and mammalian FATP's have sequence similarities to FACS and appear to possess some FACS enzymatic activity (28, 31) .
These studies have led to the idea that long chain FACS's may play an integral role either in directly facilitating or in driving the movement of long chain fatty acids across cellular plasma membrane. This concept has been recently called "vectorial acylation" and is supported by genetic studies in both E. coli and the yeast S. cerevisiae (21, 29, 32, 33) and by the finding that overexpression of the putative fatty acid transport protein FATP and the long chain FACS in mammalian cells have synergistic effects on fatty acid uptake (28) . To provide a direct biochemical test for the involvement of FACS in long chain fatty acid uptake, we have Tris/HCl buffer, pH 7.5, containing 200 mM ammonium sulfate and 60 µM ATP and applied to a Superdex 200 column (1.6 x 62 cm) equilibrated with the same buffer. The column was eluted with the same buffer at a flow rate of 0.6 ml/min. The fractions containing FACS were combined and applied to a Mono Q HR 5/5 column. The column was eluted with a 150 ml linear gradient of 0-1.4 M NaCl in 60 mM Tris/HCl buffer, pH 7.5 containing 60 µM ATP. The fractions containing FACS were pooled and stored at -80 ο C. Purity was tested by silver staining after SDS-polyacrylamide gel electrophoresis of the purified sample.
Preparation of Vesicles containing Fatty Acyl-CoA Synthetase
Method A. Isolation of Vesicles from Palmitate-Induced Cells-The cells were grown at 25 ο C in MA-minimal medium supplemented with 35 mg/ml Brij 58 and 5 mM palmitate as described above and harvested by centrifugation at 10,000 x g for 10 min at 4 ο C. The cells were washed twice with cold 10 mM Tris/HCl, pH 8.0 and vesicles containing FACS were isolated as described (36, 37) . Briefly, cells (2.5 g wet wt) were resuspended in 250 ml of digestion buffer (30 mM Tris/HCl, pH 8.0 containing 20% sucrose (w/v) and 100 µg/ml chloramphenicol) and stirred at 25 ο C for 30 min. Importantly, including 20 mM D-lactate in the digestion buffer resulted in the association of FACS with the cytoplasmic leaflet of the plasma membrane; alternatively, in the absence of Dlactate FACS did not associate with the plasma membrane (36) . This allowed us to prepare vesicles either containing or free of FACS. The potassium salt of EDTA, pH 7.0 and lysozyme were added to final concentrations of 10 mM and 2.3 mg/ml, respectively and the digestion was allowed to proceed at 25 ο C for 30 min. Spheroplasts were harvested at 10,000 x g for 10 min at 4 ο C, resuspended in 15 ml of lysis buffer (10 mM potassium phosphate, pH 6.6 containing 2 mM magnesium sulfate, 10 µg/ml DNase I and 10 µg/ml RNase A) with or without 20 mM D-lactate and incubated at 37 ο C by size exclusion on a Sephacryl S-1000 column (1.5 x 9.0 cm) pre-using 50 mM potassium phosphate, pH 7.5 as the elution buffer (1.5 ml/min flow rate).
Proline Uptake-Proline uptake was measured as described (34) . Vesicles were incubated with 10 mM magnesium phosphate in 50 mM potassium phosphate, pH 7.5 (100 µl total volume) for 20 min with vigorous shaking. Fifty microliters of 80 mM D-lactate in 50 mM potassium phosphate, pH 7.5 was added. The assay was initiated by the addition of 50 µl of 20 µM [ 3 H]proline in 50 mM potassium phosphate, pH 7.5. At the specified time, 40 µl of the reaction mixture was diluted into 2.5 ml of 100 mM lithium chloride and filtered. The filter was washed once with 2.5 ml of 100 mM lithium chloride and the radioactivity retained was quantified by liquid scintillation counting. In some experiments, the membrane was energized by the addition of ascorbate and PMS at final concentrations of 80 mM and 0.2 mM, respectively, in place of D-lactate. At the specified times, 50 µl of the incubation mixture was added to 2.5 ml of 100 mM Tris-HCl, pH 8.0 containing 0.2% BSA (w/v) and filtered. The filter was washed once with 2.5 ml of the same buffer and air dried. The radioactivity retained was quantified by liquid scintillation counting.
Analysis of Fatty Acyl-CoA and Phospholipid Syntheses during Fatty Acid Uptake in
Vesicles-The vesicles were incubated with [ 3 H]oleate as described above. At the specified time, the whole incubation mixture was added to 2.5 ml of 100 mM Tris/HCl, pH 8.0 containing 0.2% BSA (w/v) and washed once with the same volume of buffer. The lipids were isolated as described (38) with modifications. The vesicles retained on the filter were extracted twice with 4 ml of chloroform/methanol (1:2, v/v) and the extracts were combined. After addition of 1. 
Determination of the Unbound Oleate Concentration in the Presence of BSA-The unbound
oleate concentration in the presence of BSA was determined by the heptane phase partitioning method as described previously (7, 42) .
RESULTS

Characterization of inner membrane vesicles prepared from E. coli grown on long chain fatty acids
To test the role of long chain FACS on long chain fatty acid uptake across the plasma membrane in the absence of other E. coli proteins involved in either fatty acid translocation across the outer membrane (FadL protein) or in later steps in β-oxidation, we made use of methods developed and characterized extensively by Kaback and co-workers for the preparation and use of right-side out E. coli inner membrane (i.e. plasma membrane) vesicles to study membrane transport processes (34) . To induce long chain FACS expression, we grew E. coli on either oleate or palmitate as sole carbon sources. In contrast, Kaback and co-workers developed this system using cells grown on glucose as a carbon source (34) . Therefore, we first tested whether inner membrane vesicles prepared from cells grown on either oleate or palmitate were comparable functionally to those prepared from cells grown on glucose. We chose to use proline uptake as a measure of membrane function because it is dependent on the integrity of the membrane potential and maintenance of the membrane energy potential is dependent on the integrity of the vesicles (34) . Furthermore, proline uptake in vesicles from cells grown on either carbon source was completely inhibited in the presence of CCCP, a proton ionophore that is known to abolish the electrochemical proton gradient across the inner membrane of E. coli and mitochondria (data not shown). These experiments indicate that vesicles prepared from cells grown on palmitate are able to maintain a membrane potential and therefore are intact.
We have previously demonstrated that the presence of D-lactate during lysis of E. coli cells grown on the long chain fatty acid oleate results in the association of FACS with the inner leaflet of the inner membrane, allowing the recovery of essentially all of the cellular FACS activity with inner membrane vesicles (36) . Vesicles prepared from cells grown on oleate are also active in proline uptake ( Fig. 2A , "before freeze-thaw") and therefore, are intact based on the criteria described above. In order to test the role of FACS in fatty acid uptake, however, it is necessary to introduce the substrates for this enzyme, CoA and ATP, into the vesicles by freezethawing (34) . We, therefore, tested whether these vesicles remain intact after freeze-thawing by comparing the rates of D-lactate energized proline uptake in vesicles before and after freezethaw. Figure 2 demonstrates that vesicles prepared from cells grown on oleate (panel A) loose activity (perhaps due to improper resealing of vesicles or to inactivation of the proline carrier) whereas vesicles prepared from cells grown on either palmitate (panel B) or glucose (panel C) retain full activity after freeze-thaw. Therefore, we used vesicles prepared from cells grown on palmitate (which also induces expression of the long chain FACS) to investigate the role of FACS on long chain fatty acid uptake.
Fatty Acid Uptake in Inner Membrane Vesicles Containing Endogenous FACS
Having established that we could prepare intact and functional inner membrane vesicles from cells grown on palmitate, we use these vesicles to determine whether the presence of functional FACS affected long chain fatty acid uptake. These vesicles, prepared in the presence of D-lactate (36) retained approximately 20% of the total cellular FACS activity but less than 1% of the cytoplasmic enzymes β-galactosidase and 3-hydroxyacyl-CoA dehydrogenase activities (data not shown), indicating that the vesicles are essentially devoid of cytosolic components including enzymes of the β-oxidation pathway. The vesicles were subjected to freeze-thaw in the absence or presence of CoASH and either ATP or ADP and the uptake of [9,10- 3 H]oleate was assayed (Fig. 3) . Oleate uptake by inner membrane vesicles was dependent on the presence of trapped substrates for FACS, CoASH and ATP. In the absence of trapped exogenous ATP or CoASH or in the presence of only one of these substrates, the rate of oleate uptake was substantially lower.
Furthermore, a very low rate of oleate uptake was observed if ADP was substituted for ATP in the presence of CoASH (Fig. 3) or if ATP and CoASH were added to the outside of the vesicles rather than trapped on the inside (data not shown).
We reasoned that if oleate uptake was indeed dependent on the activity of FACS within the inner membrane vesicle, then the level of oleate uptake should be dependent on the amount of trapped ATP and CoASH. We therefore varied the amount of ATP and CoASH trapped within the inner membrane vesicles by subjecting them to freeze-thaw in the presence of varying amounts of either ATP (Fig. 4A) or CoASH (Fig. 4B) , holding the other substrate constant. pmoles/min/mg of total protein, respectively (Fig. 5 ).
Oleate uptake in inner membrane vesicles is dependent on the amount of FACS and independent of other factors induced by growth on long chain fatty acids
We also investigated whether the rate of oleate uptake is dependent on the amount of FACS contained with inner membrane vesicles. This was determined by first preparing vesicles (from palmitate-grown E. coli to induce endogenous FACS) in the presence or absence of Dlactate so that different amounts of FACS would be associated with the inner membrane (36).
Inner membrane vesicles prepared from palmitate grown cells in the presence of D-lactate had about 4-fold more associated FACS (Fig. 6A reference (36) ) and approximately 4-fold higher oleate uptake activity (Fig. 6B, 431 pmoles/mg of protein/min vs 121 pmoles/mg of protein/min) than did those prepared in the absence of D-lactate. Therefore, in vesicles prepared from cells grown on palmitate, the amount of oleate uptake was dependent upon the amount of FACS activity within the vesicle.
To allow finer control over the amount of FACS associated with inner membrane vesicles and to exclude the possibility that oleate uptake by inner membrane vesicles was dependant on some other factor (such as an unknown plasma membrane associated protein) induced by growth of cells on long chain fatty acids and affected by D-lactate, we prepared vesicles from glucose grown cells and trapped defined amounts of purified FACS, CoASH and ATP. The enzyme used for these studies is essentially pure based on SDS-PAGE followed by detection using silver staining (data not shown). Excess FACS was removed from outside the vesicles by column chromatography and oleate uptake activity was assayed. Because these vesicles were prepared from E. coli grown on glucose, they should be devoid of all endogenous factors that are involved in long chain fatty acid uptake and metabolism (1-3 and possibly in cells (29) . Similarly, studies in cultured adipocytes have revealed that the long chain FACS is located at the plasma membrane along with the putative fatty acid transporter FATP and led to the proposal that these two proteins form a functional network in which long chain fatty acids are activated for metabolism by conversion to the fatty acyl-CoA derivatives immediately upon uptake (28) .
To provide a direct test for vectorial acylation during long chain fatty acid uptake, we employed E. coli derived inner (plasma) membrane vesicles as a model system for a number of reasons: (1) E. coli has only a single long chain FACS, whereas both yeast and mammalian cells have multiple genes encoding these enzymes, (2) E. coli long chain FACS and other genes encoding components of the long chain fatty acid uptake and utilization pathways are induced by growth on long chain fatty acids and suppressed by growth on glucose, (3) Transport competent inner membrane vesicles can easily be prepared from E. coli and their internal composition can be easily controlled, (4) The E. coli long chain FACS can be induced to associate with or be released from the plasma membrane by D-lactate, allowing the amount of FACS associated with the vesicle to be controlled, and (5) mammalian FACS has been shown to rescue the fatty acid uptake and metabolic defects of an E. coli fadD mutant strain (44).
We were able to prepare transport competent inner membrane (i.e. plasma membrane)
vesicles from cells grown on palmitate. This allowed us to test directly (1) if long chain fatty acid transport into those vesicles required long chain FACS activity, and (2) Furthermore, we demonstrated that FACS activity was sufficient to confer long chain fatty acid uptake by vesicles prepared from glucose-grown cells. Glucose represses transcription of genes encoding components of long chain fatty acid uptake and metabolism. Therefore, vesicles prepared from glucose-grown cells do not contain endogenous FACS; nor are they expected to contain other putative inner membrane proteins that may participate in fatty acid uptake. By subjecting these vesicles to freezing and thawing in the presence of purified soluble E. coli FACS and its substrates
CoASH and ATP, we were able to trap these factors within the vesicles and to demonstrate that the vesicles were now competent for long chain fatty acid uptake. The ability of these vesicles to take up fatty acid is not due to subsequent metabolism such as incorporation of labeled fatty acid into phospholipids. Taken altogether, the data demonstrate biochemically that long chain FACS is required to promote transport across the inner membrane of E. coli, and support the proposal that fatty acid translocation across the plasma membrane involves a vectorial thioesterification mechanism (32). However, the exact role of FACS in mediating fatty acid permeation of the plasma membrane is not clear. FACS may be needed to prevent fatty acid efflux by converting the fatty acid into a form that is no longer competent for movement across the membrane. In mammalian and yeast cells this is likely to be the case, since fatty acid permeation of the plasma membrane has been shown to be dependent on integral membrane proteins. However, this does not exclude the possibility that FACS is playing a more direct role in mediating the transbilayer movement of long chain fatty acids in eukaryotes.
The involvement of a traditional translocase in fatty acid permeation of the inner membrane of E. coli is still controversial. Fatty acid uptake in E. coli has been reported to be inhibited when the membrane potential was abolished by uncouplers and to increase as the magnitude of the proton gradient was increased; this led to the proposal that translocation of fatty acids across the inner membrane involves a proton-fatty acid symporter (33, 45) . In contrast, other reports showed that fatty acid uptake is not directly coupled to or affected by the magnitude of the electrochemical potential (46, 47) . Furthermore, a fatty acid-binding protein was not detected in inner membranes isolated from cells grown on fatty acids or glucose using a photoreactive fatty acid analogue, which is capable of detecting membrane-bound fatty acid translocase (19) or by transposon mutagenesis (22) , suggesting that the transmembrane movement of LCFAs across the inner membrane occurs by passive diffusion. The findings that fatty acid uptake in vesicles isolated from cells grown on glucose was dependent on the amount of pure FACS trapped during freeze-thawing (Fig. 7A) , and that the fatty acid taken up was converted to the thioester derivative (Fig. 7B ) also suggest that
LCFAs may traverse the inner membrane without the assistance of a traditional translocase. These results taken altogether suggest that FACS is all that is required to promote transport across the inner membrane of E. coli. This interpretation is also consistent with the following observations: (a) an E. Model membrane and whole cell studies showed that LCFAs readily partition into the membrane and undergo flip-flop due to an increase in the pK a of the fatty acid upon partitioning into the hydrophobic environment of the membrane (50, 51, 52). This mechanism may be responsible for LCFAs translocation across the inner membrane. The observations that fatty acid uptake in vesicles was dependent on FACS activity and the activity of FACS is regulated by reversible association with the inner membrane (36) , suggest that the enzyme may be required to drive unidirectional membrane translocation of LCFAs by desorbing the fatty acid from the inner leaflet of the membrane and preventing efflux by converting the fatty acids to their non-permeant CoA form, thereby establishing a concentration gradient that serves as the driving force for fatty acid permeation of the inner membrane. Thus, we propose that the transmembrane movement of fatty acid across the inner membrane of E. coli occurs by a passive diffusion vectorial thioesterification mechanism. This conclusion is in accordance with studies showing that the E. coli FACS is recruited to the inner membrane and regulates fatty acid uptake (36) .
In E. coli, FACS has been shown to be recruited to the inner membrane by an undefined mechanism. This recruitment is involved in the regulation of the activity of the enzyme (36). The methods described for trapping FACS, CoASH and ATP in inner membrane vesicles and for assaying fatty acid uptake will enable us to study the regulation of the enzyme by membrane association and to identify the physiological recruiting agent. The ability to isolate vesicles containing endogenous FACS should also facilitate the identification and characterization of mutations in the E. coli enzyme that affect its function in fatty acid uptake. Furthermore, use of these methods to prepare inner membrane vesicles from E. coli expressing various eukaryotic FACS's will allow the direct analysis of their ability to mediate long chain fatty acid uptake across the plasma membrane. Representative data from three independent assays are shown. We have routinely seen a ~50% decrease in proline uptake activity after freeze-thawing of vesicles from cells grown on oleate. Representative data from three independent assays are shown. 
